SYNOPSIS. Some of the accumulated knowledge on the complex problems involved in the transmission of helminths of domestic animals in the USA is summarized. The lollowing conditions are usually necessary for the development outside the final hosts of infective stages of these helminths: moderate temperatures, adequate moisture, oxygen, and protection from freezing, desiccation and direct sunlight. Once the infective stages of helminths are attained, either free-living or parasitic in intermediate hosts, those of most species are more resistant to adverse conditions than pre-infective stages. Because temperature and moisture influence the development and survival of helminth infective stages, variable climatic and weather conditions drrectly or indirectly affect helminth transmission. Climate and weather maintain or alter the microclimates of the microhabitats in which helminth eggs and larvae normally live until infection of the final hosts is accomplished. We are only beginning to learn how long-term climatic trends and short-term weather influence helminth transmission. Recent attempts, however, to relate variations in climate and weather to degree and kind of helminth transmission by use of bioclimatographs, the interrelationship of evapotranspiration and precipitation, estimates of potential transmission periods, etc., have increased our understanding of helminth life cycles and helminth diseases of domestic animals, and have aided in developing increasingly effective methods of helminth control.
INTRODUCTION
It is well known to all biologists that ecology and parasitology are so closely related as to be almost inseparable. The general subject of ecology o£ parasitism is discussed with skill and detail by Noble and Noble (1964) in their new parasitology textbook; consequently, further discussion herein of the general principles of parasite ecology can advantageously be omitted.
The field of helminth transmission to domestic animals must be concerned with the broad fields of animal and plant ecology as long as such animals are raised under more or less natural conditions out of doors. Only when the Utopia of "zero-grazing" (also called soiling, green chop, mechanical grazing, zero pasture) proposed by some agriculturalists (see USD A 1960. ARS Sp. Rpt. 22-53) , and/or 100 percent effective anthelmintics become available for use against all important species of helminths of farm animals, will livestock helminthology become of minor importance to human welfare. Most species of animal helminths, in order to complete their life cycles, must contend not only with various internal environments, but also with the external environments of their hosts. This paper is concerned primarily with factors of the external environment of large domestic animals; factors which act upon immature or larval stages of their helminth parasites prior to infection of the hosts.
A vast literature exists on the biology, ecology, pathogenicity, medication, and other aspects of the numerous internal and external parasites of man and his domesticated animals. Related animal parasites of other vertebrates and invertebrates have also been the subject of numerous investigations and publications. It is not commonly known, however, how vast this literature is, except by professional parasitologists. Doss (1964) calculated that the IndexCatalogue of Medical and Veterinary Zoology (USDA-author index up to 1964 consists of 32 volumes), which has continuously indexed the world literature on animal parasites for about 75 years, lists over 300,-000 literature titles on animal parasitology, and about 9,000 more are accumulating every year. Through 1963 this accumulation of parasitological literature was published in about 26,000 different serial pub-lications, monographs, and books. Consequently, anyone attempting to survey the total published information on even a small segment of parasitological knowledge, such as that represented by the title of this paper, is immediately confronted with the problem of the great bulk of published information and how best to handle it. Stoll (1962) estimated that for the year 1956 about 2,800 papers were published in the world literature on all helminth parasites of animals, and, projecting to the year 1971, the same number of papers would be published on nematode parasites alone. A non-exhaustive study of the literature in the preparation of this paper entailed consulting over 1,000 literature items; only a fraction of these are listed in the bibliography. Many additional pertinent references may be found in the long lists given in the reviews of Becklund (1964a) , Crofton (1963) , Noble and Noble (1964) , Gordon (1958b) , Levine (1963) , Rogers and Sommerville (1963) , and Wallace (1961) .
The task of critical analysis and summary of the pertinent available facts in the special field of helminthology of domesticated animals is also complicated by a number of additional problems, namely: (a) the large number of different species of helminths which parasitize these hosts; (b) the variety and complexity of the life cycles of these helminths; (c) the absence of substantial information on some aspects of their biology; and (d) various taxonomic, nomenclatural, and other problems. For the purpose of orientation in this complex subject of transmission ecology of livestock helminths, a number of supplementary tables (see Appendix), with accompanying brief explanatory comments, were prepared. Included in these tables is some of the basic information vital to an understanding of transmission ecology of these helminths, such as their technical and common names, their location in the hosts, rough estimates of fecundity of each species or group of closely related species, the kinds of infective stages, means of transmission to their definitive and intermediate hosts, and some general and specific information on ecological factors and conditions that influence transmission. It is hoped that these tables, which briefly summarize only a part of the helminthological story of our large domestic animals, will be helpful in obtaining a general understanding of this subject, and will be useful as teaching aids in general and veterinary parasitology.
Further orientation in this subject is provided in Table 1 , which lists the total populations of domestic animals in each class in the United States for the most recent calendar year for which reliable statistics are available, the numbers of species of helminths parasitizing each class of animals, and the estimated numbers of helminthic infections in these animals. The estimates of numbers of helminthic infections in domestic animals are compared with those of Stoll (1947) for helminthic infections of man in the United States. Note that the annual population of large domestic animals (those on farms January 1 plus those produced during the year) in the United States is almost double the human population; when domestic birds, dogs, and cats are added, the annual farm and pet animal population is about 16 times the human population. When the more common species of helminthic parasites are totaled, we find that about 10 times more species parasitize large domestic animals, and about 17 times more species parasitize all kinds of farm and pet animals than are known to occur in man in the United States.
In the last column in Table 1 , an attempt is made to estimate the number of helminthic infections in domestic animals in the United States. Approximately the same procedure was used as Stoll (1947) employed for estimating the number of helminthic infections in man on a world-wide basis. For the purpose of these estimates, one injection equals one animal injected at some time during the calendar year with one species of helminth; repeated infections of the same animal with the same helminth species are ignored. No claim is made that these estimates are based on reasonably complete and accurate incidence data from various sections of the country. In fact, the data used for these calculations are woefully inadequate. However, these estimates do some rare species omitted.
• One infection equals one individual infected with one helminth species. d Only about one-half of the cylicostome species are included in this total.
• Some duplications; slightly more than 100 different species in livestock. ' From Stoll (1947) ; no adjustments made for recent data.
reflect available information on species occurrence, incidence studies reported from various parts of the country (see Becklund, 1964a, b) , and the speaker's general knowledge of the subject. Giving full consideration to the fact that all such estimates may at best be subject to large error, note that the total number of helminthic infections in large domestic animals is about 57 times more than StolFs 1947 estimates of helminthic infections in man in the United States. When those of domestic birds, dogs, and cats are included in the totals, the ratio of helminthic infections in man to those in domestic animals is 1 to 176, or about 44 million to 7.7 billion. It should also be noted that the bulk of Stoll's 44 million human helminthic infections in the United States consisted of about 21 million lowgrade trichina infections and about 18 million pinworm infections. Therefore, on the basis of numbers of helminthic species and helminthic infections of man and his domesticated animals in the United States, as well as on the economic loss incurred through helminthoses, it appears that veterinary helminthology in this country offers a greater challenge to the professional parasitologist than medical helminthology.
At the present time, modern sanitation both public and private, effective medication, and education have largely isolated most of the human population of this country from serious helminthic infection. On the other hand, our domestic animals are still largely exposed to a great variety of helminthic infections, in spite of the widespread use of recommended preventive husbandry practices and the availability of an excellent selection of effective anthelmintic drugs. The diseases caused by these helminths result in considerable economic loss to animal industry from morbidity, mortality, and medication costs (see USDA 1954. ARS, 20-1).
There is not time here to discuss recent developments in transmission ecology of all important helminths which occur in farm and pet animals. Consequently, this discussion will be limited to the following helminths of the large domestic animals; anoplocephalid cestodes of domestic ruminants and equines, the single important acanthocephalan species of livestock which occurs primarily in swine, and selected nematode parasites of large domestic animals. Some information on the transmission ecology of all the helminths omitted from this discussion is included in the supplementary tables (Appendix). (1961) . " Information on vectors and transmission of many species incomplete, or unknown. c Tapeworms of equines and domestic ruminants in the US belong to these subfamilies.
dium to large in size, and have scolexes with four muscular suckers, but without hooks or rostellum. The genital pores on the segments are marginal, and there are two complete sets of male and female sex organs in each segment or proglottid. As shown in Table 2 , these tapeworms, following the classification recommended by Stunkard (1961) , are placed in two of the four subfamilies of the Anoplocephalidae. All these tapeworms, except T. actinioides, belong in the Anoplocephalinae and apparently are transmitted by oribatid mites (Kates and Runkel, 1948) . The fringed tapeworm of sheep is placed in the Thysanosomatinae and apparently is transmitted by psocids (Allen, 1959) . Tapeworms of the other two subfamilies do not occur in domestic animals and are transmitted by other kinds of arthropods. Our knowledge of the natural vectors of these tapeworms is relatively limited, although more information is available on some species than on others. Since the discovery by Stunkard (1937) that cysticercoids of M. expansa develop in oribatid mites {Galumna sp.) fed eggs of the tapeworm in the laboratory, more than two dozen species (some not completely identified) of oribatid mites have been found to serve as experimental or natural vectors of anoplocephaline cestodes of ruminants and equines in \arious parts of the world (Table 3) . However, only 10 species of oribatid mites with natural infections of cysticercoids of those anoplocephaline cestodes which occur in American livestock have been recovered from pastures in the United States and elsewhere. Nine species of mites apparently were infected with M. expansa and one species with M. benedeni. It is interesting to note that about half the known vectors of anoplocephaline cestodes of ruminants and equines have been reported by Russian workers, but all these were experimentally infected in the laboratory after collection from apparently uncontaminated pastures. Collections of naturally-infected oribatid mites from pastures have been reported from the USA, Australia, Canada, India, Japan, and the United Kingdom, and their contained cysticercoids were all of ruminant cestodes of the genus, Moniezia.
Natural infections of oribatid mites with equine cestodes have not been reported in the literature, and our knowledge of the vectors of these tapeworms consists entirely of Russian reports of experimentally feeding eggs of these cestodes to mites in the laboratory.
One interesting species of oribatid mite, Scheloribates laevigatus, has been reported as a natural vector of M. expansa in the United States and Canada, and as an experimental vector of four species of anoplocephaline cestodes of ruminants and equines in Russia. Species of another genus, Galumna, are apparently widespread throughout the world, and may serve as vectors of various anoplocephaline cestodes in such countries as the United States, Russia, and India. On the basis of the very limited information now available to us, it is difficult at this time to make generalizations as to the numbers of species, genera, and families of oribatids involved in transmission of these cestodes in any one country, or on a worldwide basis. However, on the basis of the few reports we have of collections of oribatid mites from pastures with natural infections of Moniezia spp., it appears that on any one pasture one species of mite, often a different species on different pastures, is the primary, or most efficient, vector of these ruminant tapeworms (Anantaraman, 1948; Edney and Kelley, 1953; Fukui, 1958a, b; Krull, 1939;  
Additional species of oribatid mites have been reported as vectors of certain other species of anoplocephaline cestodes parasitic in other animals. Rao and Choquette, 1951; Rayski, 1947 Rayski, , 1952 Roberts, 1953; Kates and Runkel, 1948) . No generalizations, however, can be made regarding the natural vectors of the three species of equine tapeworms, as no studies have been reported. Only one species of thysanosomatine tapeworm occurs in American livestock, T. actinioides, the fringed tapeworm of sheep in western United States. This tapeworm has also been reported from various wild ruminants in both North and South America, but does not occur outside the Western Hemisphere. Diesing first described this tapeworm in 1835, some 130 years ago, but its life cycle was unknown until Allen (1959) reported the recovery of larval stages, including the cysticercoid stage, from laboratory-reared psocids which had been fed egg capsules containing oncospheres. Recently, Kuznetsov (1962) and Svadzhian (1963) in Russia, after learning of Allen's work, tried feeding egg capsules containing oncospheres of Thysaniezia giardi to psocids collected from pastures, and recovered various larval stages including cysticercoids from them. This thysanosomatine tapeworm is common in ruminants, particularly sheep, in Europe, Asia, Africa, and Australia; strangely enough, it does not occur in the Western Hemisphere, even though all our domestic ruminants originally came from the Old World. It therefore appears that psocopterous insects (commonly called bark lice, dust lice, and book lice) are the vectors of those tapeworms belonging to the subfamily Thysanosomatinae. Apparently, the final step in solving the life cycle of these tapeworms, i.e., producing experimental infections in tapeworm-free ruminants, has not been accomplished, nor has anyone recovered naturally-infected psocids from pastures. Quoting from a recent personal letter from R. W. Allen: "The gist of the Russian work is as follows: They have been unable to confirm Potemkina's (1944) finding that oribatid mites transmit Thysaniezia. They have found that Thysaniezia will develop to the cysticercoid stage in psocids and that at least some development of Avitellina occurs in these insects."
Ecology of vectors and transmission
The oncospheres and arthropod infection. The transmission process begins when embryonated eggs containing oncospheres (hexacanth embryos) are discharged from the host in the feces individually or in gravid segments to be extruded later or released by segment disintegration (Moniezia spp. and equine cestodes), or when segments containing "egg capsules" are discharged in feces, each capsule with several oncospheres, which are ejected from the gravid segments after they leave the host (Thysanosoma-the fringed tapeworm). As the contaminated fecal material disintegrates from weathering, the oncospheres in embryonated eggs or egg capsules, as the case may be, are ingested, probably accidentally, by the appropriate arthropod vectors, oribatid mites or psocids, while feeding; both oribatid mites and psocids have chewing mouth parts. (Note: there is some disagreement as to whether oribatid mites ingest complete eggs or suck out the oncospheres; Allen [1964] has observed that psocids make an opening in the egg capsule of the fringed tapeworm, suck out the contents, and then eat the collapsed egg capsule.)
Little information is available on the effect of weather conditions on viability and survival of the oncospheres in the eggs or egg capsules of these tapeworms. Oncospheres are fully developed and infective to the arthropod vectors at the time of deposition on pastures, and further development must await ingestion by the proper vector.. Obitz (1934) , prior to the discovery of oribatid mites as vectors of anoplocephaline cestodes, reported viability studies on the eggs of A. magna and M. benedeni in cultures, in which viability was tested by oncosphere motility. The oncospheres in moist eggs apparently survived 4 to 10y£ months, whereas those in desiccated eggs survived only 17-38 days. At 30°C oncospheres survived less than a month and higher temperatures quickly killed them. Apparently, eggs of A. magna were resistant to freezing, but those of M. benedeni were not. Potemkina (1951) reported that embryonated eggs of M. expansa and M. benedeni survived in water 50 days, in feces 40 days, and in air only 15 days, apparently at "laboratory" temperatures. Later (1959) she reported that oncospheres of Moniezia spp. did not survive overwinter conditions in eggs on pasture in Central Russia.
To my knowledge, no similar studies have been reported on the effect of environmental conditions on the oncospheres in eggcapsules of the fringed tapeworm, but the fibrous egg capsules apparently resist water loss from the oncospheres within (Allen, 1964) . The fact that the fringed tapeworm occurs commonly in sheep and wild ruminants in many semiarid regions of western United States also indicates that the egg capsules are biologically designed to resist drying and possibly other adverse weather conditions.
It seems likely, therefore, that oncospheres of these cestodes can survive within the egg shells or egg capsules for a few weeks to several months, depending upon the temperature, moisture, sunlight, and humus conditions on pastures; this is ample time for the numerous arthropod vectors to explore fecal deposits and ingest viable oncospheres during the same season in which the contaminated feces are deposited. However, it is unlikely, and probably unnecessary, for the oncospheres to survive severe winter weather in temperate or colder regions, as either the infected arthropod vectors on pasture or the adult tapeworms in the definitive hosts aie able to do so.
Oribatid mites and transmission of anup-. locephahne cestodes. Oribatid mites are very small; most vectors o£ tapeworms are less than 1 mm long and some are less than 0.5 mm long. They are geobionts which spend most of their life in the soil or humus, except for brief excursions on the vegetation. They live mainly in soil and debris and feed upon various kinds of organic material. Baker and Wharton (1952) stated that oribatid mites are important soil fauna because of "the discovery that many of them have been found to be hosts of various tapeworms" . . . and . . . "in promoting soil fertility through breaking down of organic matter by digestion, as do the earthworms."
A number of workers in the United States, Russia, Poland, and Great Britain have contributed to our knowledge of the ecology of oribatid mites in relation to the transmission of cestodes of equines and ruminants (Edney and Kelley, 1953; Freeman, 1952; Jacot, 1936 Jacot, , 1940 Kates and Runkel, 1948; Krull, 1939; Kuznetsov, 1959a, d; Potemkina, 1959; Rajski, 1958; Rayski, 1947 Rayski, , 1952 Sengbusch, 1954; Soldatova, 1945; Stunkard, 1944a, b) . Oribatid mites are very numerous in pasture soils, particularly in the humus layer, which is usually less than an inch thick. It has been estimated that a permanent sheep pasture in Maryland contained over 9 million oribatid mites of a single species, G. virginiensis, per acre; another pasture in North Dakota had over 6 million of another species, S. laevigatus, per acre (Kates and Runkel, 1948) ; and a third pasture in Kentucky had over 2 million of G. virginiensis per acre (Edney and Kelley, 1953) ; each of these species was the major vector of M. expansa on these pastures. These numbers of oribatid mites represent only a fraction of the total oribatid mite fauna on pastures, as many other species are usually present, but may not be significantly involved in tapeworm transmission.
The prime requirements of oribatid mites for maximum biological activity appear to be adequate food, moderate temperatures (15-30°C), high humidity (80% or higher), and minimal oxygen. Generally they avoid light, a characteristic of most geobionts.
Oribatid mite vectors of these cestodes can be collected from pastures during all months of the year, and can survive freezing and thawing during winter. Freeman (1952) , however, reported that one species, Liacarus itascensis, and its contained cysticercoids of a porcupine anoplocephaline cestode did not survive exposure to -30°C for 5 days. Oribatid mites are able to migrate to various depths of the soil, as well as onto vegetation, and seek environmental conditions most favorable to them (Jacot, 1936) . Thus, they are able to largely avoid exposure to the killing effects of adverse environments, and variable weather conditions do not seriously impair their normal life span, which appears to be from one to two years. Under favorable conditions of temperature and moisture, oribatid mites will complete their life cycles in 2-3 months, and the cysticercoids of anoplocephaline tapeworms will develop in their abdominal cavities in \\/ 2 to several months after ingestion of oncospheres, depending upon the environmental temperature of the mites.
There is evidence of some variation in development time of different species of oribatid mites maintained at the same temperatures and culture conditions; Sengbusch (1954) reported development times of I1/2, 2, and 3 months from egg to adult for three species of mites studied. However, there is no evidence that the pace of development of cysticercoids of anoplocephaline tapeworms in the mites is influenced by the species of mite, although the numbers and size of the cysticercoids in different species of mites are dependent on the size of the mites.
Movement of oribatid mites onto pasture vegetation so they can be ingested by equines and ruminants while grazing requires moderate temperatures (15-30°C) , adequate moisture, and reduced sunlight or night conditions. They are most abundant on grass after heavy rains, during cloudy weather, early in the morning, and at night compared with mid-day (Krull, 1939; Rajski, 1958) .
Some species of oribatid mites apparently are more efficient vectors of these tapeworms than others. Available information indi-cates that efficient natural mite vectors of ruminant and equine tapeworms belong mainly to four families, namely: Galumnidae, Scheloribatidae, Oribatulidae, and Carabodidae. Incidence of infection with cysticercoids of these tapeworms in different mite species on pastures under more or less similar exposure to infection may vary considerably. Kates and Runkel (1948) snowed that cysticercoid infection (M. expansa) in five species of mites collected from a small experimentally contaminated pasture plot varied from 6 to 34%. In two mite species (G. virginiensis and G. emarginatum) almost identical in size and morphology, the incidence of cysticercoid infection was 34 and 11% respectively, which was indicative that G. virginiensis was the most efficient vector of the five mite species recovered from the experimental pasture at Beltsville, Maryland.
The quantitative distribution of two or more species of mite vectors of these tapeworms may vary considerably within very short distances on the same pasture, depending upon variations in soil moisture, soil texture, grass cover, shade, etc. Kates and Runkel (1948) reported that the ratio of numbers of G. virginiensis and G. emarginatum in two areas of pasture turf about 10 feet apart changed from 14:1 to 1:2, respectively. Such findings indicate that mite vectors of these tapeworms vary in their preference for slightly different microenvironments, and each species responds to its most favorable environment by either concentrating there by moving from less favorable areas, or by reproducing more efficiently, or both.
In temperate regions, with cold and warm seasons with adequate rainfall most of the year, anoplocephaline cestode transmission appears to be a cyclic process based primarily upon periods of activity (warm weather) and inactivity (cold weather) of the mite vectors. In tropical regions, transmission is probably continuous throughout the year and more dependent upon cyclic rainfall periods than seasonal temperature variations, but we have no information on this. In temperate regions, the mite vectors become infected with larval tapeworms dur- ing the warm periods of spring, summer, and fall while foraging for food; this is also their reproductive period. Infected mites overwinter in the soil and the final hosts usually become infected while grazing during the spring and summer the next year. This appears to be the typical cycle of transmission for M. expansa. Table 4 shows data (Lindahl et al., 1963) on the recovery of M. expansa from lambs on pasture at Beltsville, Maryland, from June to September. The number of tapeworms recovered from lambs was highest in June and gradually declined through September. No data were obtained in this study from older sheep. The early spring infection of lambs indicates a carry-over of infected mites on pasture from the previous year, and the gradual loss of tapeworm infections by the lambs during the grazing season may be due to a combination of two factors, namely, development of resistance to tapeworm infections and gradual decline in mites containing infective cysticercoids. Hawkins (1946) reported similar observations on the seasonal infection of lambs with M. expansa, and also reported that ewes were generally resistant to infection, but a few ewes became infected at about the same time as the lambs. Probably the most elaborate incidence studies on anoplocephaline tapeworms of ruminants were recently reported by Kuznetsov (1959b, c) from south-central Russia; his data are so unique that they are worth discussion in some detail. About 3,000 lambs, yearlings, and older sheep, which were shipped to a slaughterhouse from grasslands in the vicinity of the Caspian Sea, were examined at necropsy for 
tapeworms (M. expansa, M. benedeni, and
Thysaniezia giardi) on a monthly basis for a full year (Table 5 -only Moniezia spp. are included; data on T. giardi will be discussed with those on T. actinioides). Lambs first showed infections of M. expansa in May; the peak of infection was reached by midsummer, after which the infection incidence slowly declined. The spring and early summer infections probably came from mites infected the previous year, as two months or more of warm weather are needed for oncospheres to develop into infective cysticercoids in mites. Interestingly, the peak of lamb infections with M. benedeni appeared to occur much later in the year (December) than for M. expansa. This is the first indication that M. benedeni may have a different seasonal transmission rhythm than M. expansa in young susceptible lambs; the cause of this difference is obscure. A significant percentage of yearling sheep was infected with both Moniezia species throughout the year, with the highest incidences occurring in the spring. Older sheep had lower percent infections of both species throughout the year than lambs and yearlings. Xo similar seasonal studies involving both species of Moniezia have been reported from the United States. However, Porter (1953) reported that M. expansa and M. benedeni occurred in cattle in various areas of the United States in a ratio of about 1:7, respectively, whereas the same species occurred in sheep in a ratio of about 22:1. In other words, M. expansa appears to be mainly a parasite of sheep in the United States, and M. benedeni mainly a parasite of cattle; from the data of Kuznetsov this does not seem to be true in Russia, but we have little definitive information on these tapeworms in cattle in Russia.
If these variations in seasonal transmission periods for M. expansa and M. benedeni in sheep reported by Kuznetsov (loc. cit.) are real, it would be presumptuous to attempt to guess the transmission patterns of the three species of anoplocephaline cestodes of equines, on which no information exists. However, it is likely that oribatid mites become infected with equine tapeworm larvae during one grazing season, survive the winter in temperate climes, and usually cause infections the next grazing season.
Psocids and the transmission of thysanosomatine cestodes. One of the most interesting recent advances in our knowledge of tapeworm transmission, since the oribatid mite vectors of anoplocephaline cestodes were discovered by Stunkard (1937) , was Allen's (1959) discovery of psocopterous insects as probable vectors of thysanosomatine tapeworms. Although psocids and oribatid mites belong to two quite different classes of arthropods (Insecta and Acarina), they have many characteristics in common, namely: they both occupy somewhat similar habitats and occur throughout the world; both have chewing mouth parts and feed upon organic debris, fungi, tapeworm eggs, egg capsules, etc.; both appear to avoid strong light; and studies on their ecology, biology, and taxonomy have been generally neglected. Psocids also differ from oribatid mites in the following ways: they are somewhat larger (adults about 1 mm or slightly more in length); they have larger and stronger chewing mouth parts; different species may be parthenogenetic or bisexual; winged or wingless forms occur (Allen, 1959 (Allen, , 1964 Broadhead and Hobby, 1944; Kuznetsov, 1962; Svadzhian, 1963; Vishnyakova, 1959) ; and in their moisture or environmental humidity requirements, which may have an important bearing on thysanosomatine tapeworm transmission. Optimal environmental humidity may be lower for psocids than for oribatid mites, but it is possible that further studies may show that species of these two vector types may overlap in this respect. Stunkard (1944b) , Sengbusch (1954), and Freeman (1952) reported that 82% or "saturated" humidity was optimal for rearing oribatid mites in the laboratory, whereas the optimal humidity for rearing psocids is 60 to 70% (Allen, 1964) , or 70 to 80% (Svadzhian, 1963) . Although these reports on optimal humidities for oribatid mites and psocids are limited and somewhat inconclusive, there is an implication contained therein that psocids may do well at somewhat lower humidities than oribatid mites. If so, this would partially explain why thysanosomatine tapeworms often are transmitted to sheep in semiarid regions of the western United States and Russia.
All aspects of the life cycles of thysanosomatine cestodes have not yet been elucidated. However, some fragmentary evidence is available on seasonal incidence of these tapeworms in sheep which suggests a definite seasonal rhythm of transmission that may be related to the biologv of the probable psocid vectors. Allen and Jackson (1952) and Honess (1954) conducted some interesting experiments on the seasonal infection with the fringed tapeworm, using parasite-free lambs grazed on contaminated ranges in New Mexico and Wyoming (Table 6 ). Their data indicate that most infections are acquired by sheep in late summer and fall. This is somewhat different from the spring and early-summer period of peak infections of lambs with M. expansa in temperate regions (Tables 4, 5 ), but does not differ much from Kuznetsov's (1959a) data (Table 5) for seasonal occurrence of infections of M. benedeni in sheep in south-central Russia. The latter author also noted that the peak incidence of T. giardi infections in lambs occurred in the fall months. Thus, it appears that peak infections of two thysanosomatine tapeworms of sheep, both of which appear to be transmitted by psocids, occur late in the grazing season in two areas of the world widely separated geographically but somewhat similar in general climatic conditions. Does this mean that psocids become infected with tapeworm larvae in the spring when weather becomes warm enough for their normal biological activity, and that development of tapeworm cysticercoids occurs in them during the spring and early summer? If this is the case, then pasture contamination with egg capsules containing oncospheres is accomplished mainly by fecal deposits in the early spring from sheep infected the previous year. This appears logical because it is known that normal longevity of fringed tapeworms in sheep may be several years, and it appears that adult psocids do not live as long as oribatid mites, probably less than a year (Broadhead and Hobby, 1944; Allen, 1964) .
To sum up, on the basis of known time factors involved in the life cycle of T. actinioides, which is still incompletely known, it would appear that completion of the life cycle can take place in one full grazing season, with the adult cestodes overwintering in the final host to bring about infection of psocids the next spring. However, overwintering of infected psocids cannot yet be excluded. Under optimal conditions in culture, psocids can mature from eggs in 2 to 3 weeks (Allen, 1964) ; cysticercoids of T. actinioides and T. giardi can develop in psocids from ingested oncospheres in two months or less (Allen, 1964; Svadzhian, 1963) . The exact developmental time of these tapeworms in sheep has still to be determined, but probably is on the order of 2 to 4 months. Thus, the total minimum period needed from psocid egg to adult psocid, from tapeworm egg to cysticercoid in psocids, and from cysticercoid to adult tapeworm in final host is probably 4 to 6 months under optimal conditions, a period approximating a full grazing season in the western areas of the United States where the fringed tapeworm occurs. It is probable that in the more tropical areas of South America where this tapeworm is also common in sheep, this total developmental period is shorter than in temperate North America, and a seasonal rhythm of infection may not occur.
THE ACANTHOCEPHALAN OF SWINE
The only acanthocephalan helminth of large domestic animals is the common thornheaded worm of swine, Macracanthorhynchus hirudinaceus. Although little information of any consequence has appeared in the literature during the last two decades which might be called "recent advances" in our knowledge of this helminth's transmission ecology, it was thought that the known facts could be reemphasized because its life cycle is an interesting one, its transmission ecology has some similarities to that of anoplocephalid tapeworms, and laboratory studies on its life cycle and transmission can provide interesting teaching material.
Transmission of the thornheaded worm to swine is accomplished by ingestion of infected white grubs of scarabaeid beetles, commonly called May or June beetles (Kates, 1943 (Kates, , 1956 Van Cleave, 1947) . The eggs of this helminth at the time they are extruded from the female worm contain small larvae (acanthors) which are infective to beetle grubs. These eggs are very resistant to adverse environmental conditions (Spindler and Kates, 1940; Kates, 1942) , some surviving in soil in Maryland up to 3i/£ years. Beetle grubs migrating through soil ingest the eggs; the acanthors are released in the midgut, penetrate through the tissue, and develop in the body cavity through the acanthella and cystacanth stages in two to three months in the summer when the grubs are active. The cystacanth, which is infective to pigs, remains in the body cavity of grubs until they are eaten by swine or until pupation and emergence of adult beetles. It is unlikely that infected adult beetles play a significant role in transmission of this helminth. The green June beetle, Cotinus nitida, has a one-year cycle; eggs are laid in June, final instar grubs develop in late summer and the adult beetles emerge the next year. Other beetle hosts of this helminth in the United States may have one to three year cycles, and their grubs may remain in soil through two warm seasons or more, which gives them more time to accumulate thornheaded worm larvae before pupation occurs and adults emerge. During periods of drought and cold weather, the beetle grub vectors of this parasite burrow deep into the soil and thus escape adverse changes in weather.
Cystacanths, which are actually juvenile worms, survive the life of the grubs, as well as the metamorphosis therefrom of pupae and adult beetles. Because of the ability of embryonated eggs of this helminth to survive in soil, and the long period of life of grubs of many species of beetles, this parasite appears to be well adapted for maximum survival. Another important factor in the survival and transmission of this helminth is its massive egg production; this was calculated by Kates (1944) to be considerably in excess of 10 million per worm. This helminth is another parasite transmitted by an arthropod with similar transmission ecology to that of anoplocephalid cestodes, but with transmission dependent primarily upon the larval (grub) stage of the vector rather than upon the adult. Both the eggs of the parasite and the beetle-grub vectors are well adapted to survive adverse environmental conditions.
It is interesting that the swine thornheaded worm has been known to science for at least 200 years, and its transmission to swine by beetle grubs for about 93 years (Schneider, 1871) ; yet an effective anthelmintic for its removal from swine has yet to be discovered.
NEMATODES OF LIVESTOCK

General considerations
It is almost unnecessary to state that the subject of transmission ecology of livestock nematodes is so complex that it is difficult to condense the mass of available information in a brief discussion. Fortunately, some excellent reviews on various aspects of this subject have recently appeared (Crofton, 1963; Gordon, 1958b; Levine, 1963; Poynter, 1963; Rogers and Sommerville, 1963; Wallace, 1961 Wallace, , 1962 . Although these are valuable contributions to the synthesis of much detailed information in the literature, none have attempted a broad coverage of most nematode parasites of livestock. Crofton's paper is primarily concerned with factors influencing nematode populations of sheep on pasture; Gordon's approach is primarily from the standpoint of helminthic diseases, how they develop in ruminants, and their medication and control; Levine's is an outstanding and unique paper on weather and climate related to propagation of selected nematode parasites of ruminants; Poynter's paper covers all aspects of parasitic bronchitis in cattle caused by Dictyocaulus, and control of the disease; the papers of Rogers and Sommerville and Wallace are concerned mainly with various physiological aspects of the larval stages of both zooparasitic and phytoparasitic nematodes, and are outstanding in their contribution of new ideas and in the synthesis Rogers and Sommerville, 1963.) of available information on the subject from studies on parasitic nematodes of both animals and plants. All these reviews are strongly recommended as collateral reading to the subject of this paper.
During the growth of parasitic nematodes from egg to adult, the progressive pattern of growth is halted at varying intervals by four molts or ecdyses, so it is customary to speak of nematodes as having four molts and five stages in their development (Fig. 1) . Nemas in the first four stages are referred to as larvae (L 1 to L 4), and in the fifth stage as adults. Usually, but not always, in nematode parasites of livestock the first three larval stages occur outside the definitive hosts, either free or in intermediate hosts, with L 3 being the infective stage. However, in some genera the 1st-or 2nd-stage larvae are the infective stages to the final host, and thus only one or two stages occur in the external environment. Before and after the molts, developmental changes take place which are usually but not always accompanied by growth in size. Hatching of larvae from eggs may occur at the L 1, L 2, or L 3 stage, depending upon the species of nematode, and may occur in the external environment or in the intermediate or final hosts. Once the stage infective to the final host is reached, whether it be an I.I, L 2, or 1.3 laixa, it undergoes no more development or growth until it enters the final host; this is also true of the L 1 and microfilaria stages that are infective to the intermediate hosts, when such hosts are involved in transmission. These infective stages are also called "resting stages." Available knowledge on the mechanism of hatching, molting, and physiology of the infective stages has been thoroughly discussed by Rogers and Sommerville (1963) , and will be largely omitted from this discussion.
In order to touch briefly on the ecology of transmission of livestock nematodes, it is necessary to have a clear concept of the variations in developmental and infective stages which occur outside the definitive hosts, and which are subjected to environmental influences. The supplemental tables in the Appendix list these stages in detail by species or groups of closely related species, host by host. In Table 7 the livestock nematode genera are grouped not by reference to the final hosts, but on the basis of general similarities in the larval stages which occur external to the final hosts.
All the nematodes of the genera under discussion have two main types of life cycles, namely one which does not involve intermediate hosts and one which does; these are referred to by Olsen (1962) as direct and indirect life cycles, respectively.
The genera with direct life cycles (Table  7A ) may be divided into two major groups and three minor groups on the basis of differences in their free-living stages. One major group consists of six genera which have embryonated eggs which contain lstor 2nd-stage larvae as the infective stage; undeveloped or partially embryonated eggs are passed in the feces of the definitive hosts. The largest group consists of 12 genera (sensu laid) of strongyloid and trichostrongyloid neinatodes which pass partially embryonated eggs in the feces (urine-1 genus); these eggs develop into three freeliving stages, the last being infective to the final hosts. Diclyocaulus is similar to the previous genera, except that lst-stage larvae are passed in the feces. The genera Strongyloides and Probstmayria are atypical nematodes with unique free-living stages, although the final result of the free-living developmental cycle of Strongyloides is infective 3rd-stage larvae.
The genera of livestock nematodes with indirect life cycles (Table 7B) involving intermediate hosts apparently develop through the first three larval stages in their vectors regardless of whether development takes place in annelids, molluscs or insects. In all these nematodes the stage which is infective to the invertebrate vectors is a lst-stage larva, or the equivalent, which may be in the egg or hatched at the time of vector infection.
Thus, those nematodes with direct life cycles have 1 to 3 stages free outside of a host (except for the unique cycles of Strongyloides and Probstmayria), whereas those with indirect cycles have only one stage, the first, outside the internal environment of a host. Because of this, the nematodes of livestock with direct life-cycles display greater differences and variation in their adaptability to various external environmental conditions of their free-living stages than do those nematodes with indirect cycles which largely depend on their vectors for development, protection, and survival prior to infection of the final host.
Important environmental factors influencing development and survival of livestock nematode larvae
Infective larvae of most livestock nematodes may occur: (a) free in soil, humus, and on vegetation (strong\loids, trichostrong)loids, Dictyocnulus spp., and Strongyloides spp.); (b) incased in egg shells or membranes (ascaroids, trichuroids, oxyuroids); or (c) within invertebrate intermediate hosts (spiruroids, filarioids, and metastrongyloids except Dictyocaulus spp.). All these different types of nematode larvae are more or less influenced by the same environmental factors, whether free or not. Of course, the direct influence of these factors is somewhat lessened when larvae are inside vectors compared with free larvae or embryonated eggs. Much of the available factual information on free larvae and embryonated eggs has been discussed in considerable detail by Lucker (1941) , Wallace (1961 Wallace ( , 1962 , Crofton (1963) , Rogers and Sommerville (1963) , and Levine (1963) . A few highlights of the extensive work done on this subject will be summarized without recourse to elaborate documentation, which may be found in the review articles cited.
Water. Nematodes are aquatic animals, whether free-living or parasitic, and only when they are surrounded by water can they carry on normal metabolic activity and complete their life cycles. Larval stages outside the final hosts are dependent upon a moist environment for normal development, activity, and survival. Larvae of livestock nematodes free in soil and humus are usually well protected against water loss by high humidities in soils even at the wilting point of plants (98% humidity at wilting point- Wallace, 1961) . Adequate rainfall, high atmospheric humidity, and irrigation usually maintain adequate moisture surrounding nematode larvae in soil. Grazing animals, however, as a rule do not eat much soil or humus in which nematode infective stages live and survive best, although swine often eat some soil in hog lots while rooting for grubs, earthworms, etc. Consequently, in order for free larvae to become available to grazing animals, when suitable temperature and moisture conditions prevail, they must migrate to stems and leaves of pasture vegetation over a thin film of water. Crofton (1954) clearly demonstrated that vertical migration of larvae onto pasture plants was due to random movement in all directions independent of gravity, as they followed existing water film pathways in soil, humus, and vegetation.
Because of the dependence of nematode larvae for development, survival, and transmission on an aqueous environment, the quantity and distribution of rainfall is one of the most important factors in livestock nematode transmission.
Conversely, the lack of water, which may bring about desiccation, is generally harmful to all free stages of nematode parasite life-cycles. However, the larvae and eggs of some species are more resistant to desiccation than others. Infective larvae which retain the cuticle of the 2nd molt until infection takes place are usually more resistant to drying than larvae which have lost their sheaths, although it is known that the cuticle of the second molt is readily permeable to water (Rogers and Somerville, 1963) ; apparently the shells of infective embryonated eggs of some forms are not. Thus, larvae which do not hatch but are ingested with egg membranes intact are usually better able to resist desiccation than free larvae. Loss of water from free infective larvae is very rapid. Unsheathed Strongyloides spp. larvae are killed within a few minutes by drying, whereas sheathed larvae of Nematodirus spp., equine strongyles (large and small), Cooperia oncophora, and possibly Ostertagia spp. are quite resistant to desiccation, even though visually they appear as desiccated as other species. The free, infective larvae of many other species of livestock nematodes fall between the two extremes above in their ability to resist desiccation. It should also be noted that young, free larval stages are usually less resistant to desiccation than the infective stages.
Temperature. Lucker (1941) , Wallace (1961) , and Crofton (1963) have summarized much of the significant information available on temperature effects on free larvae and eggs of livestock nematodes. Optimum temperatures for development of infective larvae appear to fall between 20 and 30°C. At lower temperatures, down to 9-10°C, some development may take place, but the pace is much slower. At temperatures of above 30°C to about 36-37 c C development is more rapid than at optimum levels, but mortality is higher (Crofton, 1963) . Above 40°C, larval mortality is high in cultures, but some larvae may survive up to 50°C or more for short periods of time. Wallace (1961) aptly states that "survival of nematodes at low and high temperatures is a function of time. . . . Santmyer (1955) suggests that differences in thermal death time between species may represent physiological differences, particularly in enzyme inactivation, and that because enzymes are quickly inactivated above 50°C, thermal death of nematodes above that temperature is not surprising."
It may be of interest to mention here a simple technique for storing quantities of viable infective stages of livestock nematodes in the laboratory for long periods of time (Taylor, 1938; Durie, 1961) . Nematode larvae or eggs, as well as infective stages of other helminths, are placed on moist filter paper in a tightly stoppered vial or jar without additional water, and refrigerated at 5-10°C. Thus, the free, motile larvae are immobilized, general metabolic activity is reduced to a minimum without exposure to freezing, and viability is not significantly reduced for many months or longer. The maximum survival under this method of storage has not been determined for many species, but may be several years for some.
Until recently, most reports on critical laboratory studies on temperature effects on development of gastrointestinal nematodes of livestock have been largely done with isolated single species of nematodes. Crofton (1963) summarized his work and that of Silverman and Campbell (1959) on temperature related to hatching and development of a number of different nematode species of sheep. It was determined that first-stage larvae of Chabertia, Ostertagia, and Haemonchus hatched from eggs at relatively lower temperatures than did those of Cooperia and Bunostomum; Trichostrongylus was intermediate between the low and high temperature groups. In all cases, as expected, the time required for larvae to hatch in culture was progressively lengthened by progressively lower temperatures. The temperature range for maximum larval production was 14-22 °C for Ostertagia, no K. C. KATES 20-27°C for Haemonchus, and 27-36°C for Cooperia.
Carrying these interesting temperature studies further, Whitlock (1962) and Crofton and Whitlock (1964) reported significant differences in nematode larva hatchingtemperatures between strains of the same nematode species obtained from different geographical areas. When nematode larval cultures were maintained under constant oxygen and moisture conditions and the temperature varied, English and American strains of certain nematode species had significantly different ranges of hatching temperatures. These authors concluded that their results showed "a phenotype characteristic of the selective action of the environment on a particular gene pool." It is quite possible that some, but certainly not all, of the conflicting data in the literature on temperature effects on nematode larvae may be due to differences in temperature reactions to geographically isolated strains of the same parasite species.
Temperature extremes (above 35-40°C and freezing temperatures) are usually harmful to all stages of free nematode larvae and eggs, but infective larvae generally are more resistant to the entire temperature range than other developmental stages. Also, it appears that desiccated larvae survive freezing better than moist larvae, if drying does not kill them first, and larvae of some species are more resistant to freezing than others.
Therefore, it appears that free larvae of livestock namatodes can develop in culture over a temperature range of about 1O-35°C or more, but the optimum temperature range is somewhat more restricted. The pace of development increases with increase in temperature, and each species, and possibly each species strain, may have somewhat different limited temperature ranges within which maximum hatching and development occur when other necessary developmental conditions are provided at optimum levels.
Oxygen. Relatively little work has been done on the specific oxygen requirements of larval stages ot livestock neinatodes. Wallace (1961) mentions that many references are made in the literature to the effect that lack of oxygen interferes with nematode larval hatching, development, and activity, but few data are given on the O 2 concentration in the medium in which the larvae were held. The available information has been largely reviewed by Wallace (1961) , Rogers (1962) , and Rogers and Sommerville (1963) . The latter authors state, "all infective stages so far examined consume oxygen, . . . and some species at least can respire at low oxygen tensions." Furthermore, "infective stages with high respiratory rates survive for shorter periods" (Table 8) . These authors also point out that some infective larvae, such as those of Trichinella, have a high O 2 uptake down to an O 2 tension of 7.6 mm of mercury, that the O 2 uptake of infective larvae of horse strongyles is not much affected by the O 2 tension, but that infective stages of Ascaris lumbricoides has increased O 2 uptake up to 50 mm of mercury. Sunlight. Larval stages of nematodes exposed to direct sunlight during warm seasons may be killed by the heat generated in or on the soil, by the drying effect of intense sunlight, by the injurious effects of ultraviolet light, or by all three factors combined. Bare, unshaded soil is not a good medium for development and survival of free stages of livestock nematodes, and usually the combined effect of sunlight and desiccation on such soil renders it helminthologically sterile (Spindler, 1934 (Spindler, , 1940 Roberts, 1937) . Dinnik and Dinnik (1958, 1961) noted that the survival of Haemonchus on pasture in Kenya was of the order of 1 to 1 in favor of shaded larvae over those in direct sunlight. Numerous incidence studies indicate that onl) minimal transmission normally occurs on open arid ranges with sparse vegetation and little shade, or on unshaded, bare, dry lots where the animals cannot graze (Lindahl et al., 1963; Tiwari et al., 1963) . Allen (1960) concluded that, although the intensity of nematode infections in domestic ruminants in certain semiarid areas, such as North Dakota, Wyoming, and Montana, was lower than in high rainfall areas of the United States, the incidence of species infections was surprisingly similar. This may possibly be due to the presence of small areas on wide range pasture lands where soil moisture is high and some shade is provided; thus, minimum maintenance of species infections is accomplished. Becklund (1964a) , however, reported that both the numbers of nematode species and intensity of infection in cattle was much lower in New Mexico and Arizona, where the semi-barren, mostly unshaded, native pastures are subjected to intense sunlight, than in such warm-weather humid states as Florida and Georgia, where heavy pasture plant growth and trees provide considerable shade for the soil surface where most nematode larvae live.
The temperature of unshaded soil surface of pastures often becomes very high during periods of high air temperatures on sunny days, but these temperatures are not often reported in the literature with reference to parasite studies. Shalimov and Lambrianov (1936) reported that soil surface daytime temperatures on the Askana-Nova steppe in Russia in the summer varied from 41°t o 67°C. Similar high soil temperatures occur in warm seasons in the United States and other parts of the world. At these temperatures, the Russian authors noted that horse ascarid eggs, strongyle and trichostrongyle larvae in the soil were destroyed and the pastures were quickly sterilized of helminths.
Other factors. Many other environmental factors having more or less significant effect on livestock nematode transmission have been reported in the literature, but it is not possible to discuss them all. Probably the most important of these are variations in types of vegetation and soil. Very little attention has been paid to soil types in livestock nematode transmission. Wallace (1961) mentions rather meager evidence that sandy loam soils favor larval migration, and heavy clay soils favor survival of ascarid eggs. However, it is obvious that soils supporting good forage pasture plants, which in turn maintain good humus, will favor development and survival of nematode eggs and larvae.
The recent work of Knapp (1964) illustrates the importance of the kind of forage plants on pastures in nematode transmission. It was determined that Haemonchus contortus larvae had a much higher overwinter survival on experimental pasture plots in Oregon, when the plots were seeded with clover than when the plots were seeded with grass; the mean temperatures for the test periods were never lower than 5°C. In general, nematode larvae develop and survive better on pastures consisting of legume forage than on those consisting mainly of grasses, but much more work of this kind needs to be done. An excellent example of the rapidity with which nematode transmission can occur on a suitable legume pasture is the report of Schwartz et al. (1951) . Several thousand lambs were pastured on a number of irrigated alfalfa pastures early in June; by early September over 1,000 had died of parasitic disease, and by October the total death loss reached 30.76%. In this outbreak, irrigation plus alfalfa and summer temperatures provided ideal conditions for rapid nematode transmission.
Many sorts of physical factors are concerned in the dispersal of nematode eggs and larvae on pastures. Sheep do a good job of scattering fecal pellets over pastures and thus spread contamination widely over grazing areas. Rain, surface water, wind, etc., can transport eggs and larvae from one place to another. Infective larvae free in the soil do not normally migrate very far, i.e., from inches to a few feet. Cattle deposit their dung in large masses called cow pats or fecal pats, and larvae have difficulty migrating very far from these dung masses, especially when their surfaces are dry. Recently, however, Robinson (1962) reported observing that cattle lungworm larvae migrated up on sporangia of Pilobolus, a com-mon phycomyccte fungus which grows on cattle dung, and dispersed as far as 10 feet from the fecal pat when the sporangia discharged. Whether this is a common means of dispersal of infective larvae of cattle nematodes from fecal pats over pasture surfaces remains to be determined.
Climate, weather and livestock nematode transmission
The relation of climate and weather to nematode parasite incidence and transmission is one of the most complex and difficult aspects of livestock helminthology. Before attempting to summarize a few outstanding contributions to our knowledge of this subject, it may be helpful to point out the basic differences between climate and weather as they relate to nematode transmission. This, perhaps, is best done by quoting from Levine (1963) , who probably has done as much serious thinking on this subject as any parasitologist. "The roles of weather and climate in the distribution and prevalence of nematodes are different. Weather is a composite of atmospheric conditions-temperature, barometric pressure, precipitation, humidity, wind direction and velocity, sunlight, cloud cover, and so forth at a particular time. Climate is the sum of weather conditions over a longer period of time. Climate determines which nematodes are generally found in a locality, while weather determines which ones can develop and infect their hosts at a particular time of a particular year. The two must be clearly distinguished in assessing their effects. Failure to do so engenders confusion and contradiction."
The most substantial contributions to our knowledge of this subject have been made by workers in the British Commonwealth, particularly Australia, and the United States. Much of this work has been summarized in detail in the papers of Lucker (1941) , Kates (1950) , Gordon (1948 Gordon ( , 1949 Gordon ( , 1950 Gordon ( , 1953 Gordon ( , 1958a Gordon ( , b, 1963 , Crofton (1963) , and Levine (1963) .
Climate and weather obviously influence to a marked degree the incidence and transmission of all kinds of helminths of livestock, namely: trematodes, cestodes, acanthocephala, and nematodes (see Appendix, particularly addendum (b) on Fasciola hepatica). However, this brief discussion will largely emphasize the substantial contributions of Gordon (loc. cit.) and Levine (loc. cit.) as these authors have made the most systematic effort to relate climate and weather to nematode transmission over large geographical areas, particularly with reference to domestic ruminants.
Epidemiological studies and bioclimatographs. Over the last century and longer, innumerable studies of the occurrence of nematode parasites in livestock have been reported, many species have been described, and new host and locality records have been recorded. This kind of information has been summarized very well by Dikmans (1945) and Becklund (1964b) for nematodes and other parasites of domestic animals in the United States; similar information of a more cosmopolitan nature has been published in many books and monographs. Knowing the hosts and localities from which helminth species have been collected in significant numbers, and the general climatic and weather conditions of various areas of the world, one can obtain a general idea that certain helminths occur more frequently in certain climatic areas than in others, as well as in particular seasons of the year. This kind of information, however, is not very precise, and parasites have the habit of appearing in hosts and in geographical areas in which, and where, they are thought not to occur. It is now well known that many species of parasitic nematodes of livestock have cosmopolitan distributions, primarily because domestic livestock have been transported throughout the world, carrying most of their nematode fauna with them. It is also known that the intensity of infection with the various species in different regions of the world may vary with long-term climatic and short-term weather conditions, although other factors may at times be significant.
The first serious attempt to relate more precisely than heretofore the effects of climate and weather to intensity of nematode infections in domestic animals was the elaborate epidemiological studies of Gordon (loc. cit.) and his co-workers (see Levine, 1963) on sheep nematodes conducted in many different regions of Australia, including Tasmania. The basic justification for this work was the economic importance of the sheep industry to Australia, and the necessity of developing precise timing of anthelmintic medication to control sheep nematode infections and prevent serious losses of meat and wool. Large-scale studies were conducted to determine the intensity of infections of the various common pathogenic nematodes in sheep on pastures in different regions of the country during all seasons of the year. Most Australian grazing areas are subtropical, and sheep are on pasture most of the year. These studies were conducted with standardized methods of counting nematode eggs in fecal samples, determining genera of nematodes present by third-stage larva differentiation from sample cultures of feces which had already been subjected to egg counts, and supplemental necropsies of animals for enumerating adult and larval parasites when it was possible to do so.
Gordon's (loc. cit.) epidemiological studies on sheep nematodes encompassed areas of Australia where the rainfall occurred mainly in the summer or the winter seasons. His data show that in summer-rainfall areas the dominant nematode infections by genera were Haemonchus in the summer, and Trichostrongylus and Oesophagostomum in the autumn, winter, and spring, with some seasonal overlapping of significant infections of these nematodes. In other words, outbreaks of haemonchosis were more apt to occur in periods of high temperature (mean maximum above 18°C) and adequate rainfall (minimum 2 inches per month), and those of trichostrongylosis and nodular worm disease were more apt to occur in periods of cool weather (mean maximum 13-18°C) and adequate rainfall (minimum 2 inches per month).
In predominantly winter-rainfall regions of Australia, the seasonal nematode infection patterns were less precisely defined by the seasons, but in general the cool-weather genera (Ostertagia, Trichostrongylus and Chubertia) predominated, with Haemonchus having a somewhat more irregular seasonal distribution than that seen in sheep raised in summer-rainfall areas.
These studies led Gordon (1948) to devise a modified hytherograph, which he called a bioclimatograph, "as a means of determining the climatic limits of certain parasitic diseases" (Gordon, 1963) . Such bioclimatographs, or biohytherographs, are very useful in visualizing the effects of temperature and rainfall in relation to predetermined or predicted seasonal and/or annual cycles of parasitic infections which might lead to clinical outbreaks of disease.
Originally, Gordon's (1948 Gordon's ( , 1963 bioclimatographs plotted the mean monthly maximum temperatures (ordinate) against the mean monthly rainfall in inches (abscissa), and the monthly coordinate points for a full year were joined in a closed line. Weather data for several years were averaged. If weather data for only one year were used, then total monthly rainfall was used instead of mean monthly rainfall. Superimposed upon this hytherograph of temperature and rainfall were a vertical line representing the minimal monthly rainfall and a horizontal line representing the minimal temperature, the combination of which was required for minimal outbreak conditions caused by particular nematode types; thus the graph became a biohytherograph or bioclimatograph. Levine (1963) became interested in the bioclimatographs of Gordon (loc. cit.) , and suggested some minor changes in their construction; namely, that temperatures be given as mean monthly (1 year only) or mean monthly mean (2 or more years combined), instead of mean monthly maximum, and the rainfall be graphed in millimeters instead of inches. Gordon (1963) also suggested that some changes were needed in his bioclimatographs; namely, that the perpendicular lines indicating the limits of optimum temperature and rainfall for nematode transmission should be an ellipse instead of a right angle, to indicate the effects of evaporation. He also suggested that "there are probably some other measurements of climate, for example, precipita-tion/evaporation ratios, humidity-temperature relationships which may be applied perhaps more successfully to the definition of the geographical range of parasitic disease."
The most extensive and elaborate followup of the bioclimatograph idea of Gordon (1948) has been made by Levine (1963) , who constructed numerous examples from existing weather data (1921-1950 records) pertaining to widely separated and somewhat different climatic areas of the United States. Levine's American bioclimatographs related the annual march of rainfall and temperature to optimum conditions for transmission of Haemonclius, Trichostrongylus and Ostertagia in sheep. These graphs are very useful for quick visualization of the variety of weather conditions in various livestock areas of the United States. However, after thorough examination of this ecological tool, Levine concluded that bioclimatographs are deficient because they are based on only two factors-precipitation and temperature; a conclusion also reached by Gordon (1963) . However, bioclimatographs can be a useful method of summarizing certain seasonal parasitological data in relation to weather; for example, Lindahl et al. (1963) reported data obtained at Beltsville, Maryland, which showed that for the grazing season of 1959, haemonchosis occurred in lambs when the mean maximum monthly temperatures were above 21 °G and the monthly rainfall was over 2 inches; clinical strongyloidosis occurred in lambs when the mean maximum monthly temperature was above 25°C and monthly rainfall was over 3.75 inches. This indicates that Slrongyloides papillosus requires somewhat higher temperatures and more rainfall than Haemonchus contortus for maximum development and transmission to sheep.
Evapotranspiration and potential transmission periods. Levine (1963) carried his thinking on climate and weather somewhat beyond that of Gordon (1948 Gordon ( , 1963 . He made an elaborate series of calculations by use of a standardized formula for the purpose of constructing graphs ot the annual monthly mairh of potential i-xapotianspir.ition plotted with the month!) rainfall. The calculations were made for the same areas of the United States used for constructing his bioclimatographs, and the climatological data were taken from the same 1921-1950 statistics. From these calculations he derived figures for periods of water surplus and water deficiency during the year, and related these to "potential transmission periods" for Haemonchus and Trichosirongylus in sheep. The "potential transmission periods" were based upon the following criteria: For Haemonchus the temperature range was 15-37°C, with a soil-water deficiency not more than 2 cm; and for Trichostrongylus 6-20°C, and soil-water deficiency of not more than 2 cm. It was also pointed out that such calculations based upon 30-year averages "merely express the general pattern of events, and cannot be used to predict what will occur in any particular year; i.e., they express climate rather than weather."
Levine's (loc. cit.) next step was to calculate "potential transmission periods" for the single years of 1956 and 1957 at Urbana, Illinois on the basis of the above-mentioned criteria, and the results indicated that not only were the two successive years not quite the same, but they also differed significantly from the 30-year average figures. Therefore, it was concluded that even average monthly weather data for a single year were still insufficient, because sheep nematode transmission is actually governed by day to day, or intra-day, weather changes. Precipitation, temperature, humidity, hours of sunlight, etc., vary from day to day, and hour by hour. Now that we have narrowed the period of study of weather down to a day by day basis, or even fractions of a day, we are still very much up in the air, or rather the atmosphere, with regard to the direct effect of weather factors upon free eggs and larvae of livestock nematodes. These free stages of nematodes do not live in the atmosphere above ground, but in their microhabitats and microclimates on vegetation, in the humus laver of soils, and in the soil itself. Consequently, standard weather data taken in the atmosphere with above-ground instruments are of \alue only as they reflect conditions of the microhabitats and microclimates in which the free nematode larvae live. Levine (1963) and Wallace (1961) have summarized what little is known of this subject, and further discussion of it will be omitted herein, except to point out that less variation occurs in the microhabitats of nematode larvae than in the macrohabitats of their definitive hosts.
It is very tempting to continue this discussion with an account of the many interesting details that are available in the literature on the ecology of transmission of the many genera of livestock nematodes listed in Table 7 , or on individual species that are listed in the tables of the Appendix. However, the limitations of time and space make it impossible to do this. Those interested are referred to the Appendix and to recent review papers already cited for further details on this interesting subject.
Another phase of this subject, which has been omitted from this discussion, is the importance of knowledge of helminth transmission ecology of all genera and all species of livestock helminths, as an aid in their biological and chemical control. In the final analysis, this is the practical end of all this work, because healthy domestic animals are a boon to mankind, whereas animals sick or dead from parasitic disease are of little value.
APPENDIX
Tables of common helminth parasites which mature in equines, cattle, sheep and goats, and swine in the United States with notations on fecundity, mode of transmission, and ecology of infective stages
The following tables are somewhat abridged lists of common helminth parasites of large domesticated animals in the United States. Helminths that occur in these hosts only in larval form (e.g., bladder worms of ruminants and swine), as well as most species of rare or incidental occurrence, are omitted. The information included in the tables mainly concerns (a) the mode and efficiency of transmission of these helminths to their hosts, definitive and intermediate, and (b) some of the important ecological factors or conditions which influence transmission.
In order to concentrate the maximum information in the minimum space in the tables, a number of arbitrary abbreviations are used and are explained below. I believe the tables can be followed and understood easily after a brief study of the explanations of the abbreviations.
IS-D: Infective Stage to Definitive Host:
This is the stage in the life cycle of helminths which will develop into an adult after entering the final or definitive host. Low to high survival will be designated 1 to 4 plus. This refers primarily to IS-D and the principal unfavorable conditions involved are exposure to extremes of heat and cold, desiccation, exposure to direct sunlight, and plowing and/or cultivation of soil or pasture. BP: Biotic Potential: This refers to the total capability of helminths to reproduce, to survive inside and outside the definitive hosts, and to invade and produce patent infections in the definitive hosts under optimum conditions. Low to high levels of BP will be designated from 1 to 4 plus. BP++++ means that definitive hosts may be subjected to massive invasion, and that relatively large numbers of adult helminths of a species are known to have become established therein. BP+ means definitive hosts are subjected to minimal invasion, and that relatively small numbers of adult helminths of a species are known to become estab- (See footnote.)* (Also see Table 13 , and Addendum (a).) EP: Egg Production. Expressed in tables as high, moderate, and low.
• Noble and Noble (1964) refer to "biotic potential" as follows: "biotic potential ( = maximum reproduction power)". This is a more restricted meaning of BP than used herein.
Also, the concept of "Biotic Potential", as used in these tables, should not be confused with the concept of "Infective Potential" proposed by Levine (1963 Life cycle apparently not completed in cattle (see Price, 1953 & F. magna under sheep & goats In the abomasum T. axei is the only common species. In the small intestine T. colubriformis is fairly common and T. longispicularis less so. C. punctata, C. pectinata and C. oncophora; some other species of minor importance have been reported from U. S. cattle. N. hclvetianus is the common species, but some others have been reported from cattle. Whipworms usually occur in cattle in small numbers; most of these are T. ovis. See Hibler (1964) for limited information now available on transmission of this species. See Nelson (1962) Table 10) do (see Table 10 ). SUC: + + + . BP: + to + + + + (depending upon the species). Burnett et al. (1957) and Fitzsimmons (1963) for life cycle details on this and closely related species. This mctastrongyloid nematode has also been referred to in the literature as Pneumostrongyhis tennis, Elaphostrongylus odocoilei and Neurofilaria cornellensis. It is normally a parasite of the white-tailed deer, Odocoileus virginianus borealis (see Anderson, 1963a, b , for life cycle details). This parasite is included in this list because it apparently has been reported from the central nenous system of sheep showing serious paralytic effects, and it may occur more frequently in domestic sheep than is now known. Mostly immature worms from sheep. See Kennedy et al. (1952) , Whitlock (1952 Whitlock ( , 1959 and Nielsen and Aftosmis (1964) . SUC: + + + + ( e ggs and larvae in grubs). BP: + + + + Gongylonema spp. have also been reported from domestic ruminants, but because these infections are of little consequence they were omitted from tables 10 and 11. Third-stage larvae may re-encyst in insect-eating birds and mammals. O. dentatum is most common species in the U. S.; others reported are O. quadrispinulatum, O. brevicatidum and O. georgianum. At. eloiigatus and At. pudendotectus (Choerostrongyhis) , and At. salmi; the first tuo species are most common and usually occur in mixed infections. In tables 9-12 the various helminths of large domestic animals are arranged according to their zoological groups and to the ecological niches of the adults. This table shows more clearly than the others the relative biotic potentials (BP) of these helminths as defined in the text of this appendix.
Although the Biotic Potential as herein denned is roughly equivalent to the "pathogenic potential" of the helminths, this is not always the case. For example, large numbers of Probstmayria vivipara have been recovered from equines, but no pathogenic effects have been observed, whereas infections with small numbers of Fascioloides tnagna in sheep have been shown to cause serious liver damage and death.
The starred (*) species are generally regarded as non-pathogenic; all others are regarded as more or less pathogenic, although this may not have been clearly demonstrated for all species. No attempt has been made here to indicate degrees of pathogenicity. 
Addendum
It may be of interest to list (a) some of the many factors or conditions which may influence the biotic potential (BP) of helminths, and (b) give a tabulation of some of these as they apply to a helminth with a high biolic potential and a complex life cycle, e.g., Fasciola hepatica. 
(b) Conditions and Factors
Phases of life cycle
Affecting Transmission of Fasciola hepatica (Modified from Gordon, 1955) 
